The high protein and oil contents of Distillerâ€™s dried grains with solubles (DDGS) can be obtained by separating raw DDGS into different particle sizes fractions. The separation processes included four sieving and aspiration procedures. Sieving was able to produce fractions with different compositions. As the particle size decreased, the protein and oil content of DDGS increased. For aspiration, that separated DDGS into different fractions depending upon different gravity profiles of protein, oil and fiber basically. The terminal velocity of airflow was determined for each sieving fraction. Large and heavy fractions consisted of mainly protein and oil; light fractions were enriched in fibers. The higher airflow velocity increased the mass of light fraction, while the higher protein content can be obtained in heavy fraction. As the different conditions of treatment are used that caused the shifting on DDGS nutrients composition. According to the gravity profile of each nutrient, the different combinations of variables play a critical role for improving the efficiency of DDGS fractionation. The proper combination and interaction of variables for protein and oil separation are higher flowrate, smaller particle sizes, and the fraction with higher density, and the best efficiency for protein and oil separation reaches about 29.7 and 68.15% respectively; for fiber, mild flowrate, larger particle sizes and the fraction with lower density are able to obtained higher fiber content approximately 7%.The combination of primary sieving and specific airflow velocity application in aspiration process was capable of improving the results of separation of DDGS. This could raise the value of DDGS and achieve the concept of sustainable utilization of bioresources. Abstract.
Introduction
Distillers dried grains with solubles (DDGS) is the coproduct of bioethanol production, derived from various cereal grains (corn, wheat, sorghum, rye, etc.) (Singh et al., 2002) . Corn is the major material for ethanol production in the US. Corn contains 60-70% starch, 30-40% non-starch components such as protein, fiber, oil and ash). For DDGS production, a dry-grind process is the typical method due to low cost and simple equipment (Belyea et al., 2004) . During the process, grains are ground and mixed with water to form a slurry. The slurry is cooked to liquefy the starch and saccharified with enzymes. Finally, yeasts are utilized to ferment sugars to produce ethanol. As ethanol is separated by distillation, the remaining unfermented residues (protein, oil, fiber and ash) are centrifuged, dried and mixed to produce the co-product known as DDGS (Bothast and Schlicher 2005, Liu 2009 ). The development in DDGS supply due to the growth in US fuel ethanol production has resulted in the need for continued market (Rosentrater, 2008) .
Currently, DDGS is mainly used as feed for ruminants such as cattle and is used at low level in poultry and swine diets because of high fiber content (Srinivasan et al., 2009) . For improving the values of DDGS, separation of fiber may increase the utilization of DDGS. The fiber enriched fraction could be utilized for production of cellulosic ethanol, fiber oil, fiber gum, phytosterols, oligosaccharides and so on (Doner et al., 1998 , Crittenden and Playne, 1996 , Buhner and Agblevor, 1994 ; the dried fraction of non-fiber not only enhances the nutritional values but expands the market share (Buchana, 2002 , Srinivasan et al., 2007 , Liu 2009 ). Ruminants also need high fiber in their diet, so this new shift will increase the value of DDGS in the cattle industry.
Based on the physical properties of DDGS (Rosentrater, 2006; Ganesan et al., 2007) , various fractionation processes have been investigated in looking for the efficient separation. Wu and Stringfellow (1986) used simple dry sieving fractionation of corn DDGS. Singh et al., (2002) investigated air aspiration to separate fiber from DDGS, limited success had been shown and the fiber fraction was mainly from pericarp fiber. Srinivasan et al., (2005) applied sieving and elutriation in fractionation process. First, DDGS was sieved into various particle size categories then elutriation was used to separate the fiber based fraction. Elutriation is defined as the separation of particles by an upward flowing stream of fluid; however, aspiration is defined as the act or result of removing or drawing by suction. Sieving and elutriation separate the fractions based on the combined effect of particle density, shape and size. Srinivasan and Singh (2008) researched fiber separation from DDGS using sieving and air classification. They found that density, shape, spherical properties had a direct effect on the terminal velocity of DDGS particles. This terminal velocity determines our ability to achieve an effective separation of the DDGS fractions.
In DDGS, fiber possesses a lower density than the non-fiber components. As air flows through DDGS, fiber as well as some small non-fiber components are carried away. As fiber covers a broad range of particle sizes, different velocities of airflow are used to remove fiber selectively depending on their physical properties. At higher air velocity, air would carry all sizes of fiber, but the carry over of non-fiber components would be high (Srinivasan et al., 2005) . Hence it is effective to sieve DDGS into different particle sizes first and aspiration is applied in each size category at proper velocities for gaining the better yields of DDGS fractionation.
In this study, sieving and aspiration will be used to fractionate DDGS. This study will examine the terminal velocities necessary to optimize fiber concentration in DDGS by sieving and aspiration.
Material and Methods
Materials DDGS samples were collected from Lincoln Way Energy in Nevada IA, and stored at room temperature until further processing was done.
Methods

Sieving
The sieving procedure was according to the ASAE standard method (ASAE Standard, 2003) . DDGS was sent through a machine sieve with 10, 20, 40, and 60 mesh. The mass of material remaining on each pan was collected and measured for individual weight. The distributions of four sieved fractions were calculated.
Terminal air flow velocity
For determining the terminal velocity for aspiration, we first used an Iowa Blower. The Iowa Blower (Fig. 1) 
Aspiration
Aspiration was done using a Carter Day lab-scale aspirator (Fig. 2) . The equipment consisted of an electric fan, an air-intake control, air separation chamber, rolling feeder and four fraction pans. During operation, the fan forced air into air separation chamber. DDGS was fed by rolling feeder with a constant rate 100 grams/min. The airflow delivered lighter DDGS to exit from the separation chamber, the heavier part of DDGS remained in the first fraction. The aspirator breaks the sample into 4 fractions based upon density, weight, and particle size.
According to the different profiles of DGGS, four levels 1.22, 1.83, 2.44, and 3.05 MPS of flow rates were applied for sieved fractions (original, 10-20mesh and 20-40 mesh) . In this study, the particle sizes and air flow velocity are two main variables. The treatments are shown in Table 2 . Each treatment was done by triplicate. The original and all fractions of DDGS through sieving and aspiration processes were analyzes for contents of moisture, fiber, protein, oil (fat) and ash. Ash content was based on AOAC official method 942.05 (Thiex and Novotny, 2012) . Moisture, protein, fiber and oil contents were determined by NIR (Near Infrared Spectroscopy) (Dickey-John Instalab 800).
Efficiency of nutrient concentration
After the combination of sieving and aspiration processes, the nutrient contents were altered especially in protein, fiber and oil. These changes corresponded to the different density profiles of each fraction. The efficiency was calculated by Equation 1. When the efficiency was positive, that indicates the nutrient was condensed; otherwise, a negative value indicates the composition of nutrients had decreased. The calculation was based on the mean nutrient content of triplicate measurements.
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Statistical analysis
Data were analyzed by JMP software, version 10 (JMP, SAS, Cary, NC, USA). Mean, standard deviation, analysis of variance (ANOVA) and linear regression were determined to identify the effects of the independent variables (particle size, air flowrate and fraction) which were altered during the treatments. Tukey's HSD (honesty significant difference) was applied for conducting mean separation tests.
Results and Discussions
Mass and nutrient distribution
The DDGS was divided into four fractions (above 10 mesh, 10-20 mesh, 20-40 mesh, and through 40mesh) by sieving primarily; the particle sizes with 0.85-2mm had the greatest occurrence about 61% ( Table 3 ). The average particle size of the original DDGS was about 0.75mm. Particle sizes with 0.85-2 mm, 0.425-0.85 mm and original DDGS (0.75mm) were chosen for the nutrients composition analysis by NIR (Table 4) and further aspiration separation test. According to the nutrient analysis, smaller particle sizes had higher protein content about 32%; larger particle size had higher oil content, about 10.8%. These results were related to the particle densities of different nutrients (Barbosa-Canovas et al., 2005 , Liu 2008 ). Fiber tends to agglomerate with other components to form a matrix. Thus during the primary sieving, fiber doesn't show the obvious differences comparing to the original DDGS. Two different particle sizes of DDGS obtained from primary sieving, and the original DDGS, were then fractionated by the aspirator. During aspiration, the DDGS was separated into 4 fractions, and the nutrient composition of these fractions shifted because the aspiration process separates the nutrients depending on their different densities. The various independent variables including flowrate, particle sizes and different fractions play a critical role for the final results. However, these factors have interactions which also affected the changes in protein, fiber and oil content of each DDGS fraction.
The effects on protein, fiber and oil content of DDGS which was treated by sieving and aspiration are shown in Table 5 . Results include individual and multiple interactions. The means and standard deviations of protein, fiber and oil contents after the treatments are shown in Table 6 . The numbers of fraction 1 to 4 represent the density of DDGS collected from these fractions from high to low. For protein and oil, they were concentrated in the first fraction, especially with the highest level of air flowrate (3.05 m/sec). That indicates these two nutrients have the higher mass density. However, in the aspect of different particle sizes, the smallest particle sizes with 0.425-0.85 mm have remarkably higher content of protein and oil in the first fraction with 40.81% and 17.64%, respectively. That also indicates these two nutrients possess smaller particle size generally. Fiber is easy to agglomerate with other constituents because of structure and physical properties. The effects on fiber content are influenced by different combinations of factors. Each treatment combination of statistical analysis is based on α=0.5 Table 6 Sieving and aspiration treatment effects on nutrient composition of fractionated DDGS. (Table  5) , the individual factors, two factor interactions and all three factor interactions all had significant evidence that indicate these factors cause different effects on the protein content after sieving and aspiration treatment.
As for the single factors (Table 7) , higher flowrate and the fraction with higher density resulted in better ability to concentrate the protein content; the smaller particle size fraction is consisted of higher protein content. For binary variable combinations (Table 8) , when the DDGS with smaller particles was treated with higher flowrate, the protein content can be raised significantly. Additionally, the higher protein content DDGS had greater density, hence even when a higher flowrate was used, higher protein remained in the first fraction.
Combining these three factors, as DDGS with 0.425-0.85mm was treated by flowrate of 3.05 m/sec, the optimal protein content was obtained in the first fraction about 41%. Contrary, the DDGS with the largest particle size 0.85-2mm, and treated by flowrate of 1.22 m/sec, had lowest protein content about 23.6% obtained in the fourth fraction. These results indicate that different combinations of variables can efficiently increase the protein content of DDGS fractions. 
Oil content
Oil (fat) is another critical nutrient of DDGS and can be utilized in animal feed as well. According to the results shown in Table 5 , there is evidence to indicate that single, binary and triple factors all had effects and interactions on the final oil content after sieving and aspiration treatments.
In the single variable analysis (Table 9) , the trend is similar to protein content. Higher flowrate, smaller particle and the fraction with higher density had higher oil content which were 11.46%, 11.25% and 14.7%, respectively. Compared to the original DDGS, there was an increase of about 1-4% oil content. For the binary factor interactions (Table 10 ), higher flowrate, smaller particle size and higher density, the combination of any two variables remarkably increased the oil content especially flowrate of 3.05 m/sec for the first fraction where 16.57% oil content was achieved. This demonstrates that oil exists with smaller particles and larger density. Hence, higher oil content fractions can be obtained from the fraction with higher density.
As to interactions among these three variables, the combination of 3.05 m/sec flowrate, smallest particles (0.425-0.85mm) and the fraction with the highest density increased the oil content to 17.63%. That also indicates that there is the positive effect on concentrating oil content in DDGS by these three factors for sieving and aspiration treatment. 
Fiber
Fiber in DDGS is from the unfermented grain residues. Hence, their contents are not as high as oil and protein.
In the single factor effect (Table 11) , the mild flowrate of 1.83 and 2.44 m/sec and the middle fraction had higher fiber contents. Generally, fiber has larger particles and lower density. From the results, it might be explained as agglomeration among fiber, protein and oil.
In binary variable effects (Table 12) , the higher fiber content does not show the expected result which can be obtained from the fraction with lowest density. However, the highest was 6.8% in the lowest flowrate-highest density fraction, lowest flowrate-smallest particle sizes, and lowest density fraction-and smallest particle size group. This situation might show the interactions between fiber and other nutrients in the DDGS. Because fiber forms matrix-like particles with protein and oil, it is possible to concentrate protein and oil as aspirating to cause this result. For the three factors effect, the mild flowrate had the highest fiber content about 6.9% no matter which fraction and particle size were used.
From these results, fiber is easy to agglomerate with other constituents and thus becomes difficult to separate by physical treatment for concentrating the fiber. Other components
Other components included moisture and ash contents (Table 13 ). The moisture content varied during the aspiration process. Higher flowrate resulted in the lower moisture content. However, in different fractions after aspiration, the fourth fraction (lightest) had the lowest moisture content. An explanation could be the lighter DDGS was blown further, and the time contacted with air was longer than others. From these results, aspiration can be regarded as a process of partial evaporation. Additionally, each single factor and the interactions between or among flowrate, particle size and different fractions all had effects on the moisture content of DDGS during the fractionation process (Table 14) .
The ash content varied among DDGS samples from 4% to 5%. From Table 13 and Table 14 , there were mixed trends of ash content depending on each factors except particle size. Generally, the original DDGS without primary sieving had slightly higher ash content. For the largest and the finest particle sizes, ash content decreased with sieving. From this point, the primary sieving process could concentrate the ash in the fraction with larger particle sizes. As for ash content, only particle size had an effect. The smaller the particle size DDGS had more ash content. This might be relative to the higher oil and protein contents in fractions with smaller particle size. Efficiency of sieving and aspiration fractionation
Protein
The efficiency of sieving and aspiration for concentrating protein from DDGS is shown in Fig.3 . The highest efficiency was about 30% from the first fraction treated with 3.05 m/sec flowrate. As the flowrate and the density of fraction decreased, the efficiency got lower. According to the results of efficiency, there is a simple linear relationship between flowrate and the efficiency for every fraction. Comparing these four fractions, the higher efficiency had the better linear trend with higher R squares; however, in fraction 4, the protein contents and efficiencies were getting lower, and that also affects the linear trends between flowrate and the efficiency. Because there are linear relationships existing for 4 fractions and all particle sizes; therefore, the fraction is considered to be a variable for recalculating the whole linear combination to have a new expression with R 2 0.98 (Equation 2). All variables have effects on the estimated efficiency which is corresponding to the previous results of variances analysis. Additionally, the explanatory Xs for particle size and fraction are substituted by 0 or 1 depending on the conditions of analysis. As predicting the efficiency of DDGS with 0.85-2mm from fraction 4, the Xs for particle and fractions are substituted by 0, and the estimated efficiency at any flowrate can be obtained. Therefore, the DDGS with 0.85-2mm from fraction 4 is the foundation of this combined expression. Through this equation, it is accessible to predict the efficiency of protein condensation by sieving and aspiration treatment. . 2 X flowrate : Any flowrate X particle 0.425-0.85 : 1 for 0.425-0.85 mm particle size; 0 for others. X particle 0.75 : 1 for 0.75 mm particle size; 0 for others. X fraction 1 : 1 for fraction 1; 0 for others. X fraction 2 : 1 for fraction 2; 0 for others. X fraction 3 : 1 for fraction 3; 0 for others.
Oil
The efficiency of oil separation (Fig. 4.) had similar trends to protein because of their similar densities. The best efficiency, about 70%, were obtained from the first fraction of the finer particle DDGS treated with 3.05 m/sec flowrate. The finer particles also had a higher efficiencies. That indicates the higher density of oil existing in DDGS. Compared to the original DDGS, the sieving process is able to increase the efficiency for concentrating oil and distinguishing the nutrients contribution of different fractions of DDGS. From Fig. 4 , more obvious linear trends between efficiency and flowrate were able to be seen. The linear combination of all variables including fractions was conducted and the R 2 of the expression is 0.97 (Equation 3). These three variables also have significant effect on the efficiency which is similar to the previous variances analysis. 0 and 1 are applied to substitute explanatory Xs of particle sizes and fractions as protein separation.
The basic condition of oil separation at any flowrate is the DDGS collected from fraction 4 with 0.85mm particle size as the explained Xs are all substituted by 0. Otherwise, the expression also indicates that the highest efficiency at the certain flowrate were obtained from the finest particle size and the fraction with the highest density. : Any flowrate X particle 0.425-0.85 : 1 for 0.425-0.85 mm particle size; 0 for others. X particle 0.75 : 1 for 0.75 mm particle size; 0 for others. X fraction 1 : 1 for fraction 1; 0 for others. X fraction 2 : 1 for fraction 2; 0 for others. X fraction 3 : 1 for fraction 3; 0 for others.
Fiber
For fiber separation efficiency (Fig. 5.) , the trend is not uniform for each flowrate. The lowest efficiency was obtained from the first fraction of 0.425-0.85mm DDGS treated with 3.05 ft/sec. That indicates the fiber is easy to blown away because of light mass weight. However, the trend of efficiency does not show the fraction with the lowest density that can achieve higher efficiency as expected. Fig.5 , the linear relationships between efficiency and flowrate were fairly poor for every fraction. This indicates that flowrate had a limited effect on the efficiency of fiber separation. Because of the lack of linearity, it was hard to have a reliable linear combination expression for estimating the efficiency of fiber separation at any reasonable condition. As the result of previous experimentation, fiber is easy to agglomerate with other constituents. Hence, that might be the reason which results in this situation. This also demonstrates that the physical fractionation treatment is not a suitable approach for separating fiber. When protein and oil were concentrated during the aspiration, the fiber which formed matrixes with protein and oil at the same time. That will be the problem as using the physical separation treatment.
From the
Conclusions
Protein, oil and fiber are important components for further utilization of DDGS. In sieving and aspiration fractionation process, air flowrate, particle sizes and densities play a critical role in the final efficiency of nutrient separation. The effects of these variables highly correspond to the properties of these nutrients. For protein and oil, fractions with higher density, higher air flowrate and smaller particle sizes improve the efficiency of separation. However, there is a limitation for concentrating fiber content by physical fractionation treatment because fiber is easy to agglomerate with other nutrients to form a matrix. Otherwise, the combination among different levels of these three variables all had different effects on the results. This not only demonstrates that there is an interaction existing but corresponds to the various density properties for protein, oil and fiber individually. Furthermore, the linear combination is able to estimate the efficiency of protein and oil separation at reasonable operation conditions.
